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Chemical complexity of odors 
increases reliability of olfactory 
threshold testing
Anna Oleszkiewicz1,2, Robert Pellegrino1, Katharina Pusch1, Celine Margot1 & 
Thomas Hummel1
Assessment of odor thresholds is a widely recognized method of measuring olfactory abilities in 
humans. To date no attempts have been made to assess whether chemical complexity of odors used 
can produce more reliable results. To this end, we performed two studies of repeated measures design 
with 121 healthy volunteers (age 19–62 years). In Study 1, we compared thresholds obtained from 
tests based on one odor presented in a pen-like odor dispensing device with three odors and six odors 
mixtures presented in glass containers. In study 2 we compared stimuli of one and three odors, both 
presented in glass containers. In both studies measurements were performed twice, separated by at 
least three days. Results indicate that the multiple odor mixtures produced more reliable threshold 
scores, as compared to thresholds based on a single substance.
There are multiple methods designed to assess olfactory function in humans1, with the Sniffin’ Sticks (SnSt)2,3 
being considered as one of the most popular. The SnSt consists of three different tests - olfactory threshold, odor 
discrimination and odor identification. It enables a detailed diagnosis of olfactory impairments4.
Odor thresholds are typically assessed for single substance, e.g. n-butanol or phenyl ethyl alcohol (PEA)5. 
This is interesting as results from these measurements – despite of relatively large variation – correlate with the 
overall chemosensory sensitivity of the tested person although it can be assumed, that the single substance only 
activates a certain portion of olfactory receptors. In this context it is important to know that humans differ in the 
expression of olfactory receptors6,7. Thus, it would appear to be logical to investigate thresholds for several odors 
or mixtures of odors. However, the question of the chemical complexity of odors used in olfactory testing has 
rarely been studied8,9 and up-to-date results can be considered as inconclusive.
Human ability to recognize a wide variety of odorants is the result of the high number of olfactory receptors10,11  
encoded by 339 intact genes12. The process of detecting odors starts with olfactory receptors, located in the cilia 
of the olfactory sensory neurons13. Odorant molecules bind to these relatively unspecific receptors which may 
elicit a cellular response, which may be transmitted to the olfactory bulb. Next, the signals are transmitted further 
to the olfactory cortex10,14,15. Olfactory receptors can accept a range of odor molecules, and a substance contain-
ing single type of odorant molecules may bind to various types of olfactory receptors10,16–18. Therefore, it can be 
assumed that a mixture of multiple odors (containing various molecules) can activate more receptors at once than 
a single-type odorous molecules.
The aim of the current work was to test whether chemically more complex stimuli can provide more reliable 
results than examination with single-type molecules. Because of variability in receptor expression across the 
population19,20, results based on a mixture of odors can be expected to be more reliable than those related to 
single-type molecules. To this end, we performed two studies where we controlled for the method of presentation 
(odor presentation with the use of the SnSt pen or in a glass container) and the number of odors used for stimu-
lation (one odor, three odors mixture or six odor mixture).
Results
Study 1. We conducted the linear mixed model (LMM) with maximum-likelihood estimation. Within the 
model we included the number of odors in the mixture (single, mix of 3 and mix of 6 odors), the number of 
session and subjects’ sex as fixed factors. The type of multiple odors mixture and sequence of threshold tests 
were treated as a random factor. Within the tested model we found significant main effect of the number of 
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odorants, F(2, 520) = 13.2, p < 0.001 (Fig. 1). Pairwise comparisons revealed that threshold results obtained with 
the tests using one odor were significantly lower (M = 8.3 ± 0.2) than thresholds obtained with odor mixtures of 
three odors (M = 9.7 ± 0.4; p = 0.001) or six odors (M = 9.7 ± 0.3; p < 0.001). There was no significant difference 
between thresholds in three and six odor conditions (p = 0.95; see Table 1). We also found the main effect of sub-
jects’ sex, F(1,478) = 7.7, p = 0.006, indicating that in general women (M = 9.5 ± 0.5) performed better than men 
(M = 8.8 ± 0.6). There were no other significant main or interaction effects (all Fs < 2.1, ps > 0.12).
Additionally, we checked the test-retest reliability of threshold measures obtained during the two sessions, 
indicated by Pearson’s r. We found that reliability of the test based on one odor given in the SnSt pen was r = 0.31, 
p = 0.003, whereas for the three odors mixture given in a glass container it was r = 0.57, p < 0.001 and for the six 
odors mixture it was r = 0.56, p < 0.001.
Study 2. We tested the linear mixed model (LMM) with maximum-likelihood estimation. Within the model 
the number of odors in the mixture of stimuli (single and mix of three odors), the number of session and subjects’ 
sex were used as fixed factors. The type of multiple odor mixture was treated as a random factor. Data revealed 
a main effect of subjects’ sex, F(1, 29) = 9.7, p = 0.004, indicating that females performed significantly better 
(M = 9.2 ± 0.4) than their male counterparts (M = 7.7 ± 0.4). We also found a main effect of the number of odors, 
F(1,87) = 73.1, p < 0.001, indicating, that testing with the mixture of three odors resulted in significantly higher 
threshold scores (M = 10.1 ± 0.3), as compared to the test based on a single odor (M = 6.8 ± 0.3; see Table 1). No 
other main or interaction effects were significant (all Fs < 1.9; ps > 0.05).
The test-retest reliability analysis showed that the test based on a single odor was less reliable, r = 0.20, p = 0.27, 
than the test based on the mixture of three odors, r = 0.52, p = 0.003.
Descriptive statistics for thresholds produced with single odor, mix of three odors (three variants) and mix of 
six odors for both studies can be found in Table 2.
Discussion
With the two experiments we offer empirical proof for higher reliability of tests involving odor mixtures, as com-
pared to tests based on a single odor, and for more favorable treatment of the complex odor stimuli. In the first 
experiment, the test-retest reliability of the test based on a single odor stimulus was relatively low21, as opposed 
to both tests based on multiple odor mixture stimuli. A similar pattern of results was observed in the second 
experiment. Although test-retest reliability of the test based on the mixture of three odors did not reach the con-
ventional level of 0.70, it was still two times higher than reliability of the single-odor test that did not reach the 
significance level. Observed higher reliability and more favorable treatment of the subjects in multiple odor tests 
might result from more varied molecules included in the odor mixture that activate more receptors. Therefore, 
the use of odor mixtures might be more resistant to variability in the individual olfactory receptors expression 
across the population6,19,20. This finding contradicts former reports on comparable reliability of tests using odors 
mixtures and their components9. We assume that this difference might result from the fact, that in the mentioned 
study researchers engaged subjects in five sessions, what could result in observed improvement in performance 
across sessions22, which was not the case in the current study.
Figure 1. Mean olfactory threshold scores depending on the number of odors in the mixture presented to 
the subject.
session 1 session 2
males females males females
single odor 7.8 (2) 8.2 (1.6) 8.6 (2.4) 8.5 (2)
mix of 3 odors 9.7 (2.6) 9.7 (2.8) 9 (2.7) 10.1 (3)
mix od 6 odors 9.1 (2.4) 10.4 (2.4) 8.7 (2.2) 10.1 (2.1)
Table 1. Mean threshold scores for male and female subjects across the two sessions (values in brackets 
represent standard deviation).
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We also found significant sex-related differences in both studies, indicating that women performed better 
than men and that this effect was independent from the type of stimulus. This finding is convergent with former 
reports, showing that generally women have higher olfactory sensitivity and obtain better results in olfactory tests 
than men23–25. With the current study we supplemented this finding by showing that females outperform their 
male counterparts also in olfactory tasks involving multiple odor stimuli.
The fact that we repeatedly tested threshold of individual subjects can be considered as a potential limitation of 
the study. Threshold testing is demanding and tiring. Therefore, subjects in our studies might have felt exhausted 
after the first session. Nevertheless, statistical analyses revealed no significant decrease in results obtained in 
the first session, as compared to the second attempt. Further studies could potentially verify, whether the effect 
of decreased and more stable threshold results can be observed in subjects given more time to rest between the 
sessions.
Limitations of the present work might also relate to the fact that investigated populations did not involve 
individuals with olfactory loss what potentially limits the comparability between the presently obtained results 
and established clinical tests. Future studies could verify whether threshold obtained with the proposed approach 
coincide with clinical tests results.
To sum up, threshold test based on varied odors produces more stable and reliable within-subject scores 
compared to the presentation of single-type molecules. This is assumed to be due to the more efficient activation 
of olfactory receptors.
Methods
Ethics statement. The study was performed in accordance to the Declaration of Helsinki on Biomedical 
Studies Involving Human Subjects. Informed written consent was obtained from all the participants. The study 
design and consent approach was approved by the University of Dresden Medical Faculty Ethics Review Board 
(EK6702010).
Participants. In the first study participated 90 healthy subjects, aged from 19 to 34 years (M = 23.6, SD = 2.4). 
Of those, 72 were females between 19–34 years (M = 23.6, SD = 2.3) and 18 were males between 19–29 years 
(M = 23.5, SD = 2.6). In the second study participated 31 healthy subjects, aged from 19 to 34 years (M = 23.6, 
SD = 2.4). Of those, 16 were females between 20–62 years (M = 30.6, SD = 10) and 15 were males between 
21–55 years (M = 23.6, SD = 9.1). All studies were conducted at the Department of Otorhinolaryngology of the 
“Technische Universität Dresden”. The participants constituted a sample of convenience. Statistical analyses was 
performed with SPSS v. 21 (SPSS Inc., Chicago, IL, USA) with p < 0.05 set as the level of significance.
Stimuli. In the first study, three number-of-odors conditions were designed to measure threshold: a mixture 
of six odors (both presented in brown glass bottles of 60 ml volume, height 65 mm, diameter of opening 35 mm); 
Study 1
M SD Min Max
Session 1
 Six odors 10.1 2.4 4.3 15.8
 Three odors (A) 8.3 2.8 4.5 15.5
 Three odors (B) 11.1 2.3 7.5 16.0
 Three odors (C) 9.7 2.5 5.3 14.5
 Single odor 8.1 1.7 4.0 13.0
Session 2
 Six odors 9.8 2.2 3.8 16.0
 Three odors (A) 8.0 2.7 3.5 15.5
 Three odors (B) 11.5 2.7 8.5 16.0
 Three odors (C) 10.2 2.7 4.5 14.3
 Single odor 8.5 2.1 4.0 15.3
Study 2
 M SD Min Max
Session 1
 Three odors (D) 10.4 2.9 5.5 15.3
 Three odors (C) 10.1 2.3 6.8 13.8
 Single odor 6.4 2.5 2.0 15.3
Session 2
 Three odors (D) 9.8 2.4 6.5 15.5
 Three odors (C) 10.3 2.2 7.3 15.5
 Single odor 7.2 2.5 4.8 15.5
Table 2.  Descriptive statistics for thresholds produced with single odor, mix of three odors (three variants) 
and mix of six odors (A) Cineol, Tanol, Anethol, B) Geraniol, Cineol, Isobutyraldehyd C) Anethol, 
Citronellal, Cineol, D) Anethol, Geraniol, Citronellal).
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three mixtures of three odors (presented in a bottle); and butanol (presented infelt-tip pens typical of Sniffin’ 
Sticks’). Due to the multitude of distinguishable odor qualities, we decided to use the framework of Henning’s 
‘smell prism’ to select six odors representing primary odor categories: flowery (e.g., rose), foul; fruity (e.g., lemon), 
spicy (e.g., cloves), burnt; and resinous (e.g., eucalyptus)26–29. The three odor mixtures represented smaller vari-
ants of these odors (see: Table 3). The six odors that were used: Geraniol, Anethol, Tanol, Cineol, Citronellal and 
Isobutyraldehyd. The three variants of the initial six odors were used in three odor mixtures: A) Cineol, Tanol, 
Anethol, B) Geraniol, Cineol, Isobutyraldehyd C) Anethol, Citronellal, Cineol.
The second study was designed to present another single odor (phenylethyl alcohol, PEA) and two mix-
tures using the same dispensing bottles as in the first study. The two mixtures used were D) Anethol, Geraniol, 
Citronellal, C) Anethol, Citronellal, Cineol.
Intensity of all mixtures’ components was assessed in a preliminary study (n = 10) where individuals rated 
the intensity and hedonics using a ten-point Likert-type scale. No differences between intensities were observed 
(p < 0.05), thus the isointensity of the mixtures’ components was assumed.
Procedure. Participants of both studies were first reviewed with a questionnaire to determine any medication 
or past history that could potentially influence their olfactory abilities. Less than 10% of the sample reported reg-
ular smoking. Each individual was assessed on their ability to identify smells at a supra-threshold level with the 
identification subtest from the Sniffin’ Sticks’ battery test2. All participants were asked to not smoke, eat or drink 
anything other than water for approximately 30 minutes prior to all tests procedures. Additionally, individuals 
were asked to refrain from using a strong perfumes or fragrances on the day of testing.
For all number-of-odors conditions, the threshold was surveyed in a triple-forced choice paradigm where 
participants had to discriminate the odor from two blanks (filled with solvent propylene glycol). Odor and blanks 
were placed about 2 cm in front of both nostrils of the participant for 3 seconds. Beginning with the lowest odor 
concentration, a staircase paradigm was used where two correct or one incorrect answer resulted in a decrease 
or increase of concentration, a so-called turning point. The threshold score was the mean of the last four turning 
points in the staircase. The highest concentration was 4% odor solution (diluted with propylene glycol) while the 
subsequent concentrations were further diluted (1:2 fashion) to create 16 concentrations. For both bottles and 
pens, 3 mL of the odor and blanks solutions were added. In both studies, sessions were separated by several days 
(M = 5.07, SD = 3.85) with minimum time of 24 hours. In study 1 three thresholds were tested per day; in study 
2 it was two thresholds per day. Within each session, there were 15 minutes break between the threshold tests.
References
1. Doty, R., Avron, M. & Lee, W. Development of the 12-Item Cross-Cultural Smell Identification Test(CC-SIT). Laryngoscope 106, 
353–356 (1996).
2. Hummel, T., Sekinger, B., Wolf, S. R., Pauli, E. & Kobal, G. ‘Sniffin’ Sticks’: Olfactory Performance Assessed by the Combined Testing 
of Odour Identification, Odor Discrimination and Olfactory Threshold. Chem. Senses 22, 39–52 (1997).
3. Hummel, T., Kobal, G., Gudziol, H. & Mackay-Sim, A. Normative data for the ‘Sniffin’Sticks’ including tests of odor identification, 
odor discrimination, and olfactory thresholds: an upgrade based on a group of more than. Eur. Arch. Oto-Rhino-Laryngology 264, 
237–243 (2007).
4. Sorokowska, A., Albrecht, E., Haehner, A. & Hummel, T. Extended version of the ‘Sniffin’ Sticks’ identification test: test-retest 
reliability and validity. J. Neurosci. Methods 243, 111–4 (2015).
5. Zernecke, R. et al. Comparison of two different odorants in an olfactory detection threshold test of the Sniffin’ Sticks. Rhinology 48, 
368–73 (2010).
6. Verbeurgt, C. et al. Profiling of Olfactory Receptor Gene Expression in Whole Human Olfactory Mucosa. PLoS One 9, e96333 
(2014).
7. Croy, I. et al. Peripheral adaptive filtering in human olfaction? Three studies on prevalence and effects of olfactory training in specific 
anosmia in more than 1600 participants. Cortex 73, 180–187 (2015).
8. Burdach, K. J., Köster, E. P. & Kroeze, J. H. A. Interindividual differences in acuity for odor and aroma. Percept. Mot. Skills 60, 
723–730 (1985).
9. Laska, M. & Hudson, R. A comparison of the detection thresholds of odour mixtures and their components. Chem. Senses 16, 
651–662 (1991).
10. Buck, L. B. Olfactory receptors and odor coding in mammals. Nutr. Rev. 62, S184-8-41 (2004).
11. Furudono, Y., Sone, Y., Takizawa, K., Hirono, J. & Sato, T. Relationship between Peripheral Receptor Code and Perceived Odor 
Quality. Chem. Senses 34, 151–158 (2008).
12. Malnic, B., Godfrey, P. A. & Buck, L. B. The human olfactory receptor gene family. Proc. Natl. Acad. Sci. 101, 2584–2589 (2004).
13. Rinaldi, A. The scent of life. The exquisite complexity of the sense of smell in animals and humans. EMBO Rep. 8, 629–633 (2007).
14. Ache, B. W. & Young, J. M. Olfaction: Diverse Species, Conserved Principles. Neuron 48, 417–430 (2005).
15. Kay, L. M. & Sherman, S. M. An argument for an olfactory thalamus. Trends Neurosci. 30, 47–53 (2007).
16. Malnic, B., Hirono, J., Sato, T. & Buck, L. B. Combinatorial Receptor Codes for Odors. Cell 96, 713–723 (1999).
17. Araneda, R. C., Peterlin, Z., Zhang, X., Chesler, A. & Firestein, S. A pharmacological profile of the aldehyde receptor repertoire in 
rat olfactory epithelium. J. Physiol. 555, 743–56 (2004).
Odor Name Category Concentration
1 Anethol Spicy 100%
2 Geraniol Flowery 14, 30%
3 Tanol Resinous 16, 78%
4 Cineol Burnt 5, 00%
5 Citronellal Fruity 58, 89%
6 Isobutyraldehyd Foul 6, 25%
Table 3.  Characteristics of odors used in the studies.
www.nature.com/scientificreports/
5Scientific RepoRts | 7:39977 | DOI: 10.1038/srep39977
18. Holley, A., Duchamp, A., Revial, M.-F., Juge, A. & MacLeod, P. Qualitative and quantitative discrimination in the from olfactory 
receptors: analysis from electrophysiological data FROM ELECTROPHYSIOLOGICAL DATA. Ann. NY Acad. Sci. 237, 102–114 
(1974).
19. Gilbert, A. N. & Kemp, S. E. Odor Perception Phenotypes: Multiple, Specific Hyperosmias to Musks. Chem. Senses 21, 411–416 
(1996).
20. Keller, A., Zhuang, H., Chi, Q., Vosshall, L. B. & Matsunami, H. Genetic variation in a human odorant receptor alters odour 
perception. Nature 449, 468–472 (2007).
21. Crocker, L. M. & Algina, J. Introduction to classical and modern test theory. (Cengage Learning, 1986).
22. Dalton, P., Doolittle, N. & Breslin, P. A. S. Gender-specific induction of enhanced sensitivity to odors. Nat. Neurosci. 5, 199–200 
(2002).
23. Doty, R. L. & Cameron, E. L. Sex differences and reproductive hormone influences on human odor perception. Physiol. Behav. 97, 
213–28 (2009).
24. Hummel, T., Kobal, G., Gudziol, H. & Mackay-Sim, A. Normative data for the ‘Sniffin’ Sticks’ including tests of odor identification, 
odor discrimination, and olfactory thresholds: an upgrade based on a group of more than 3,000 subjects. Eur. Arch. Otorhinolaryngol. 
264, 237–43 (2007).
25. Oleszkiewicz, A. et al. Developmental Changes in Adolescents’ Olfactory Performance and Significance of Olfaction. PLoS One 11, 
e0157560 (2016).
26. Henning, H. Der Geruch. (JA Barth, 1916).
27. Jellinek, J. The Psychological Basis of Perfumery. (Springer Science & Business Media, 2012).
28. Hand, A. & Frank, M. Fundamentals of Oral Histology and Physiology. (John Wiley & Sons, 2014).
29. Hummel, T. et al. Effects of olfactory training in patients with olfactory loss. Laryngoscope 119, 496–499 (2009).
Acknowledgements
We acknowledge support by the German Research Foundation and the Open Access Publication Funds of the 
TU Dresden.
Author Contributions
T.H., K.P. and R.P. contributed to the conception and design of the experiment. K.P., C.M. and R.P. were 
responsible for the data collection. A.O. performed statistical analyses and wrote the manuscript, that was 
critically reviewed by all authors.
Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Oleszkiewicz, A. et al. Chemical complexity of odors increases reliability of olfactory 
threshold testing. Sci. Rep. 7, 39977; doi: 10.1038/srep39977 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017
